The recognition and clearance of dead cells is a process that must occur efficiently to prevent an autoimmune or inflammatory response. Recently, a process was identified wherein the autophagy machinery is recruited to pathogen-containing phagosomes, termed MAPLC3A (LC3)-associated phagocytosis (LAP), which results in optimal degradation of the phagocytosed cargo. Here, we describe the engagement of LAP upon uptake of apoptotic, necrotic, and RIPK3-dependent necrotic cells by macrophages. This process is dependent on some members of the classical autophagy pathway, including Beclin1, ATG5, and ATG7. In contrast, ULK1, despite being required for autophagy, is dispensable for LAP induced by uptake of microbes or dead cells. LAP is required for efficient degradation of the engulfed corpse, and in the absence of LAP, engulfment of dead cells results in increased production of proinflammatory cytokines and decreased production of anti-inflammatory cytokines. LAP is triggered by engagement of the TIM4 receptor by either phosphatidylserine (PtdSer)-displaying dead cells or PtdSer-containing liposomes. Therefore, the consequence of phagocytosis of dead cells is strongly affected by those components of the autophagy pathway involved in LAP.
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inflammation | autoimmunity | apoptosis | necrosis A s a consequence of normal homeostasis, infection, and cellular stress, billions of cells die on a daily basis. The burden of clearing these cellular corpses, and preventing inflammation and autoimmunity elicited from self-antigens, lies with the phagocytes of the innate immune system (1) . Efficient clearance requires the coordinated actions of both the phagocytes and the dying cells. Phosphatidylserine (PtdSer) is a plasma membrane lipid that resides exclusively in the inner leaflet of the lipid bilayer of healthy cells but is exposed extracellularly when cells undergo programmed cell death (1) and is the best-studied "eat me" signal displayed by dying cells (2, 3) . Phagocytes use numerous receptors that directly recognize PtdSer or extracellular PtdSer-binding bridge molecules (4, 5) . Mice deficient in these receptors often develop systemic lupus erythematosus (SLE)-like autoimmune disorders, and human SLE is characterized by persistence of cell corpses, underscoring the importance of clearance of apoptotic cells in preventing autoimmunity (6) . Persistent cell corpses have also been associated with Alzheimer's and Parkinson's diseases (7) . Thus, uptake and degradation of dying cells is a process crucial to maintaining homeostasis.
There are a variety of types of cell death, including but not limited to apoptosis, necrosis, and RIPK3-dependent necrosis (8) . Apoptosis is the most physiologically common form of cell death in vivo and occurs via caspase-dependent mechanisms. Apoptosis results in distinct morphological and biochemical changes and is characterized by early exposure of extracellular PtdSer (1, 9, 10) . Necrotic cells also display PtdSer on their surfaces (11, 12) . Recently, RIPK3-dependent necrosis has been identified as a form of cell death initiated by engagement of death receptors (e.g., TNFR, CD95), which occurs in a caspase-independent manner (8) . RIPK3-necrotic cells display PtdSer (8) , yet their vulnerability to phagocytosis remains unknown.
Macroautophagy (herein, "autophagy") is an evolutionarily conserved cellular pathway designed to sequester portions of the cytoplasm for the purpose of degrading long-lived proteins and other cellular components to generate nutrient sources and to limit damage during times of metabolic stress (13, 14) . The autophagy pathway plays a number of roles in innate and adaptive immunity, and defects in autophagy have been associated with inflammatory disease (13) (14) (15) . Recently, LC3-associated phagocytosis (LAP) was identified as a phenomenon distinct from classical autophagy (16) : In macrophages that engulf particles containing toll-like receptor (TLR) ligands, proteins associated with the autophagy machinery, such as Beclin1, VPS34, and LC3-II, are rapidly recruited to the TLR-engaged phagosome (17) . The participation of the autophagy pathway results in accelerated phagosome maturation and decreased survival of internalized pathogens. LAP lacks the classic double-membrane autophagosome, instead producing a single-membrane structure (17) . This suggests a convergence of the phagocytic and autophagic pathways. As the autophagy machinery functions in the elimination of phagocytosed pathogens, we hypothesized that LAP may also play a role in the degradation of phagocytosed cellular corpses.
Results
Uptake of Dead Cells Induces LAP. We asked if the uptake of cells that have died by different mechanisms initiates LC3 translocation to the dead cell-containing phagosome. Apoptosis was induced in RIPK3 −/− SVEC cells by treatment with TNFα and cyclohexamide for 8 h (8). Wild-type SVEC cells were induced to undergo necrosis by repeated freeze/thaw cycles. To induce RIPK3-dependent necrosis, wild-type SVEC cells were treated with TNFα and the pan-caspase inhibitor, zVAD-fmk, for 8 h (8).
To ensure that only dead and dying cells were used, detached cells were collected and used in the phagocytosis assays. To assess cell death, cells were stained with propidium iodide and Annexin-V and analyzed by flow cytometry (Fig. S1 A and B) . CD11b + F4/80 + macrophages were derived in vitro from the bone marrow of GPF-LC3 + mice, as described (17, 18) . Macrophages treated with rapamycin for 24 h displayed an autophagic response, as evidenced by GFP-LC3 puncta formation (Fig. 1A) . Uptake of Alexa Fluor 594-labeled zymosan resulted in rapid translocation of GFP-LC3 to the zymosan-containing phagosome (i.e., LAP), as previously described (17) (Fig. 1A) . However, phagocytosis of unconjugated latex microspheres (3 μm) did not induce LC3 translocation to the bead-containing phagosome (Fig.  S1C) . To assess the recruitment of the autophagy machinery to phagosomes containing cell corpses, dead cells were labeled with the membrane-permeable dye SytoRed and added to cultures of macrophages at a ratio of 10:1, and phagocytosis and GFP-LC3 translocation to the dead cell-containing phagosome were analyzed by confocal microscopy. Uptake of apoptotic, necrotic, or RIPK3-necrotic cells by macrophages resulted in rapid GFP-LC3 translocation to the dead cell-containing phagosome in as little as 30 min after addition to the culture (Fig. 1A) . Because "late apoptotic" cells undergo secondary necrosis (19) , we examined the uptake of "early" apoptotic cells as follows: RIPK3 −/− SVEC were irradiated with UV (20 J/m 2 ) and immediately cocultured with GFP-LC3 + bone marrow-derived macrophages. Phagocytosis of the dying cells was observed as early as after 2 h of coculture, and the phagosomes containing dead cells displayed LC3 accumulation as early as 35 min after engulfment (Fig. S1D) . Therefore, as cells underwent apoptosis and were engulfed, LC3 translocated to the dead cell-containing phagosome. Whereas untreated cells primarily contained the unlipidated form of LC3 (LC3-I) (20, 21) , treatment with rapamycin or uptake of zymosan or dead cells resulted in conversion of LC3 to its lipidated form (LC3-II) (Fig.  S1E ). We were unable to detect any lipidated LC3 from a culture of dead cells alone, indicating that the LC3-II conversion seen in macrophage cultures is a result of engulfment of dead cells (Fig.  S1F) . Therefore, the engulfment of apoptotic, necrotic, or RIPK3-necrotic cells results in the rapid translocation of LC3 to the dead cell-containing phagosome.
To establish a time course for the LC3 translocation to the corpse-containing phagosome, macrophages were fed with apoptotic, necrotic, or RIPK3-necrotic cells and analyzed by live-cell confocal microscopy. All three types of dead cells induced the translocation of LC3, with the percentage of GFP-LC3 + phagosomes peaking between 120 and 150 min post engulfment (Fig.  1B) . To examine the structure of the dead cell-containing phagosome, macrophages cultured with dead cells for 3 h [a time when the majority of dead cell-containing phagosome are associated with LC3-II (Fig. 1B) ] were analyzed using electron microscopy. In line with the observations made with TLR-engaged LC3-associated phagosomes (17) , all phagosomes containing apoptotic or necrotic cells consisted of only a single membrane (Fig. 1C) . Collectively, these data demonstrate that the uptake of dead cells induces LAP.
Not All Components of the Autophagy Pathway Are Required for LC3
Translocation to the Phagosome. To examine the role of the autophagy pathway in dead cell-induced LAP, ATG5 was knocked down in bone marrow-derived GFP-LC3 + macrophages using siRNA, and efficiency was determined by quantitative PCR (qPCR) analysis (Fig. S2A ). Wild-type macrophages treated with rapamycin for 24 h displayed GFP-LC3 puncta formation, whereas those deficient for ATG5 did not ( Fig. 2A) . Unlike wild-type macrophages, macrophages deficient for ATG5 did not translocate LC3 to the dead cell-containing phagosome ( Fig. 2A and Fig. S2 B and C); however, ATG5-deficient macrophages were capable of phagocytosing SytoRed-labeled dead cells (apoptotic, necrotic, or RIPK3-necrotic) at a rate similar to that of wild-type macrophages (Fig. S2D) . Furthermore, we detected reduced levels of lipidated LC3-II by Western blot upon engulfment of dead cells by ATG5-deficient macrophages (Fig. S2E) .
The role of the autophagy pathway was further examined using macrophages derived from the bone marrow of LysM-Cre +
Atg7
flox/flox GFP-LC3 + mice, as well as their wild-type counterparts (LysM-Cre − Atg7 flox/flox GFP-LC3 + mice). Efficient Cremediated deletion of ATG7 from macrophages was determined by Western blot analysis (Fig. S3A ). Wild-type macrophages treated with rapamycin for 24 h displayed GFP-LC3 puncta formation, whereas ATG7-deficient did not (Fig. 2B ). Wild-type macrophages displayed rapid association of GFP-LC3 with the phagosomes containing any of the three types of dead cells, whereas no GFP-LC3 translocation to dead cell-containing phagosomes was observed in ATG7-deficient macrophages ( Fig. 2B and Fig. S3 B and C), despite equivalent rates of phagocytosis (Fig. S3D) . In addition, we observed decreased levels of lipidated LC3-II by Western blot upon engulfment of dead cells by ATG7-deficient macrophages (Fig. S3E) . We did observe a small amount of LC3-II in ATG7 floxed samples; however, this could be attributed to incomplete floxing. Alternatively, this small amount of LC3-II could be due to ATG7-independent autophagy, as described (22) . Thus, LAP induced by the engulfment of dead cells requires the activities of ATG5 and ATG7, similar to that of TLR-induced LAP (17) .
The initiation of autophagophores requires the activity of the class III PI3K, VPS34, in complex with the mammalian homolog of ATG6, Beclin1, UVRAG, and ATG14L (23, 24) . Beclin1 was knocked down in bone marrow-derived GFP-LC3 + macrophages using siRNA, and efficiency was determined by qPCR analysis (Fig. S4A ). Wild-type macrophages treated with rapamycin for 24 h displayed GFP-LC3 puncta formation, whereas Beclin1-deficient macrophages did not (Fig. 2C) . Apoptotic, necrotic, or RIPK3-necrotic cells were fed to wild-type and Beclin1-deficient GFP-LC3 + macrophages. Unlike wild-type macrophages, macrophages with knocked-down expression of Beclin1 displayed no GFP-LC3 translocation to the dead cell-containing phagosome ( Fig. 2C and Fig. S4 B and C) , despite similar levels of engulfment (Fig. S4D) . We also did not detect a significant conversion of LC3-I to lipidated LC3-II by Western blot upon engulfment of dead cells (Fig. S4E ). In concert with this observation, macrophages treated with 3-methyladenine (3-MA), an inhibitor of class III PI3K, were unable to translocate GFP-LC3 to dead cell-containing phagosomes ( Fig. S5 A and B) . Taken together, these data demonstrate that some requisite elements of the classical autophagy machinery are recruited to and required for LAP induced by dead cell uptake. Autophagy is triggered by a preinitiation complex composed of ULK1, FIP200, and ATG13 (25, 26) . Consistent with this, ULK1-deficient cells display decreased autophagosome biogenesis and a defect in autophagy in response to nutrient deprivation (25) (26) (27) . As expected, bone marrow-derived macrophages from ULK1 −/− macrophages failed to form GFP-LC3 puncta upon overnight treatment with rapamycin, whereas wild-type macrophages did (Fig. 2D) . However, both wild-type and ULK1 −/− macrophages displayed similar levels of GFP-LC3 translocation to phagosomes containing dead cells (apoptotic, necrotic, or RIPK3-necrotic) or Alexa Fluor 594-labeled zymosan ( Fig. 2D and Fig. S6 A and B) . In addition, both wild-type and ULK1
−/− macrophages contained equally elevated levels of lipidated LC3-II by Western blot upon engulfment of dead cells (Fig. S6C) . Thus, although ULK1 is required for conventional autophagy, it does not appear to play a role in LAP, suggesting that the latter proceeds independently of the autophagosome preinitiation complex.
LAP Facilitates Phagosome Maturation and Subsequent Degradation of Engulfed Dead Cells. As successful clearance of dead cells involves both engulfment and degradation, we investigated the role that LAP plays in the elimination of the dead cell cargo. Wildtype and ATG7-deficient GFP-LC3 + macrophages were generated and preloaded with LysoTracker to monitor acidification of the autophagosome upon lysosome fusion. Apoptotic cells, generated from murine embryonic fibroblasts that stably express mCeruleanSpectrin, were added to macrophage cultures at a ratio of 10:1 and analyzed by live-cell confocal microscopy for 18 h. Apoptotic cells engulfed by wild-type macrophages were contained within GFP-LC3 + phagosomes, underwent rapid and extensive acidification within 20 min of LC3 translocation (Fig. 3) , and efficiently degraded the engulfed apoptotic cell ∼120 min post uptake, as indicated by disappearance of mCerulean fluorescence of the apoptotic cell ( Fig.  3 A and B) . In contrast, ATG7-deficient macrophages did not recruit GFP-LC3 to the apoptotic cell-containing phagosome, which failed to undergo subsequent acidification (Fig. 3A and Fig. S7A ). This translated into an inability of ATG7-deficient macrophages to degrade the engulfed apoptotic cell, resulting in a persistence of fluorescent, apoptotic cargo within the phagosome, even 8 h after engulfment (Fig. 3 A and B) . Therefore, LAP mediates the proficient degradation of engulfed dead cells.
Macrophages that are unable to efficiently degrade their engulfed cargo produce increased amounts of proinflammatory cytokines, such as IL-1β and IL-6 (1). We therefore examined the cytokine secretion of wild-type, ULK1 −/− , and ATG7 −/− macrophages fed with dead cells (apoptotic, necrotic, or RIPK3-necrotic). After 18 h of culture, ATG7
−/− macrophages produced elevated amounts of IL-1β and IL-6 in response to dead cell uptake, whereas wild-type or ULK1 −/− macrophages did not (Fig.  3C) . Moreover, wild-type and ULK1
−/− macrophages produced IL-10 and TGFβ (28) (29) (30) , and ATG7 −/− macrophages secreted reduced levels (Fig. S7B) . Consistent with earlier reports (30), 
) macrophages were treated with 200 nM rapamycin or fed with apoptotic cells (SytoRed). GFP-LC3 puncta was assessed at 24 h, and translocation of GFP-LC3 to the dead cell-containing phagosome was followed by time-lapse microscopy for 3 h (Left panels). (C) GFP-LC3
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+/+ GFP-LC3 + and ULK1 −/− GFP-LC3 + macrophages were treated with 200 nM rapamycin or fed with apoptotic cells (SytoRed). GFP-LC3 puncta was assessed at 24 h, and translocation of GFP-LC3 to the dead cell-containing phagosome was followed by time-lapse microscopy for 3
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we observed that, in wild-type (and ULK −/− ) macrophages, more IL-10 was elicited by engulfment of apoptotic cells than either type of necrotic cell, although we failed to detect differences in the production of TGFβ elicited by apoptotic versus necrotic cells (although slightly more was elicited by RIPK3-necrotic cells) (Fig. S7B) . Taken together, these data suggest that the successful clearance of dead cells via LAP is required for regulated cytokine production and for maintenance of the antiinflammatory environment.
LAP of Dead Cells Is Triggered by Engagement of the PtdSer Receptor
TIM4. We next investigated the role of the PtdSer receptor TIM4 in the uptake of different types of dead cells by bone marrowderived macrophages. Macrophages were generated from the bone marrow of wild-type and TIM4 −/− GFP-LC3 + mice, and SytoRed-labeled dead cells (apoptotic, necrotic, or RIPK3-necrotic) were added to the macrophage cultures at a ratio of 10:1. CD11b + F4/80 + wild-type macrophages expressed cell surface TIM4 (Fig. S8A) , as described (18) . Whereas wild-type macrophages phagocytosed and translocated GFP-LC3 to phagosomes containing any of the three types of dead cells, TIM4
−/− macrophages failed to engulf (or hence undergo LAP) in response to any dead cell type. However, TIM4 −/− macrophages displayed LAP in response to zymosan (Fig. 4A) .
To examine if the PtdSer-TIM4 interaction can mediate translocation of LC3 to the phagosome, we generated DextranTexas Red-labeled liposomes composed of either 100% phosphatidylcholine (100% PC) or 70% phosphatidylcholine:30% phosphatidylserine (70% PC:30% PS). Liposomes were fed to both wild-type and TIM4
−/− GFP-LC3+ macrophages at a ratio of 10:1. Whereas neither wild-type nor TIM4 −/− macrophages significantly engulfed 100% PC liposomes, wild-type, but not TIM4 −/− , macrophages phagocytosed and translocated GFP-LC3 to phagosomes containing liposomes composed of 70% PC:30% PS (Fig. 4B and Fig. S8B ). These observations indicate that TIM4 can recognize and facilitate the engulfment of apoptotic, necrotic, and RIPK3-necrotic cells and that engagement of TIM4 triggers the recruitment of autophagy proteins to the dead cell-containing phagosome.
The monocyte cell line RAW 264.7 is unable to phagocytose dead cells (31) . GFP-LC3 + RAW 264.7 cells were transfected with an HA-tagged TIM4 construct, and dead cells (apoptotic, GFP-LC3 + (Lower panels) macrophages were fed with Alexa Fluor-594 zymosan (red), apoptotic cells, necrotic cells, or RIPK3-necrotic cells (SytoRed), and internalization and translocation of GFP-LC3 to the dead cell-containing phagosome was followed by time-lapse video for 18 h, 1 frame/5 min (representative frames are shown; n = 4). (B) TIM4 +/+ GFP-LC3 + (Upper panels) and TIM4 −/− GFP-LC3 + (Lower panels) macrophages were fed with 100% PC or 70% PC:30% PS liposomes (Texas Red), and internalization/translocation of GFP-LC3 to the liposome-containing phagosome was followed by time-lapse video for 12 h, 1 frame/5 min (representative frames are shown; n = 3).
necrotic, or RIPK3-necrotic) were added to the GFP-LC3 + RAW 264.7 culture. Only GFP-LC3 + RAW 264.7 cells that expressed TIM4 were able to phagocytose any type of dead cell and consequently translocate GFP-LC3 to the dead cell-containing phagosome (Fig. S8C) .
Antibodies against the extracellular domain of TIM4 have previously been described and demonstrated to inhibit the phagocytosis of apoptotic cells (6, 18) . GFP-LC3 + bone marrowderived macrophages were pretreated with either anti-TIM4 or rIgG1 mAb for 1 h and then gently washed to remove excess antibody. SytoRed-labeled apoptotic cells were then added to the antibody-treated macrophage cultures and analyzed by confocal microscopy for 2 h. Macrophages pretreated with isotype control antibody engulfed apoptotic cells and translocated GFP-LC3 efficiently, whereas inhibition of TIM4 with anti-TIM4 antibodies resulted in significantly decreased apoptotic cell uptake (Fig. S8D) . Altogether, these data suggest that engagement of the TIM4 receptor by PtdSer-containing dead cells, including apoptotic, necrotic, and RIPK3-necrotic cells, is capable of triggering LAP.
LAP Is Required for Efficient Cell Corpse Clearance and Phagosomal
Maturation in Adult Caenorhabditis elegans. In the germ line of the adult C. elegans, apoptotic germ cells separate from the gonad and generate cell corpses, which are engulfed and degraded by sheath cells that encase the germ line (32) (33) (34) . Many of the proteins involved in corpse recognition and engulfment, such as ced-1, have been well characterized (35) . The GTPase RAB-5 has been identified as a "molecular switch" that translocates to the phagosome, allowing phagosomal maturation and resulting in the digestion of the apoptotic corpse (36, 37) .
Using an unbiased RNA interference (RNAi) screen, proteins that are critical in corpse clearance in the adult C. elegans hermaphrodite germ line were identified. Among these was an RNAi targeting Beclin-1. In worms treated with RNAi against ced-1, refractile cell corpses persisted but did not stain with acridine orange (AO), indicating that they are not contained within an acidic compartment ( Fig. S9 A and B) . Similarly, Beclin1 (bec-1) RNAitreated worms showed increased persistent cell corpses that also failed to stain with AO ( Fig. S9 A and B) . Moreover, although bec-1 RNAi-treated worms recruited ced-1 and actin normally during engulfment, the recruitment of RAB-5 was defective in bec-1 RNAi-treated worms (Fig. 5 A and B) . Collectively, these data indicate that Beclin1, a participant in the LAP machinery, is required for acidification of corpse-containing phagosomes and the subsequent digestion of the cellular corpse in C. elegans.
Discussion
We have found that the uptake of apoptotic, necrotic, and RIPK3-necrotic cells by macrophages rapidly triggers the translocation of LC3 to dead cell-containing phagosomes. This translocation occurs within minutes of engulfment and peaks ∼2 h after uptake, and the phagocytosed dead cell is contained within a single membrane structure. On the basis of the speed at which this process occurs and the structure in which the dead cell is contained, the uptake of different types of dead cells can be classified as LAP (17) .
During nutrient depravation, ULK1 is released from its mTOR-mediated inhibition, resulting in autophagosome biogenesis (25) (26) (27) 38) . Despite this critical role in response to nutrient signaling, ULK1
−/− macrophages demonstrated no defect in their ability to translocate LC3 to dead cell-or zymosancontaining phagosomes, which were nevertheless dependent on Beclin1, ATG5, and ATG7. Because previous studies (17) demonstrated that rapamycin treatment had no effect on TLRmediated LAP, the observation that ULK1 is not required for LAP is consistent with the idea that LAP proceeds independently of the preinitiation complex of autophagy. Although proteins critical for the initiation of the autophagophores, such as Beclin1 (and probably VPS34), are required for LAP induced by dead cell uptake (17, 23, 24) , it remains to be determined which signal(s) recruit and activate the VPS34-Beclin1 complex during this process.
We found that phagosomal maturation and efficient degradation of engulfed dead cells require ATG7-dependent LAP. Phagosomes in wild-type macrophages underwent rapid acidification and eliminated the apoptotic cell within 2 h of engulfment, whereas ATG7
−/− macrophages showed a significant decrease in lysosomal fusion and degradation of their cargo. Therefore, the inability of ATG7 −/− macrophages to trigger translocation of LC3-II to the dead cell-containing phagosome ultimately results in a failure to degrade the cellular corpse.
The PtdSer receptor TIM4 has been demonstrated to play a critical role in the recognition and clearance of apoptotic cells in vivo (6) . Similarly, we found that TIM4 can mediate LAP with multiple types of PtdSer-bearing cellular corpses and PtdSercontaining liposomes. It remains to be determined how TIM4 connects to the signaling pathway responsible for LAP.
The phagosomal acidification pathway is evolutionarily conserved from worms to humans, and its deregulation has been linked to human diseases, such as Hermansky-Pudlak syndrome (39) . We have found that, in C. elegans, Beclin1 is required for the recruitment of the GTPase RAB-5 to the apoptotic cell-containing phagosomes, and thus for its acidification. Therefore, the role of LAP in the clearance of dead cells is conserved evolutionarily.
There is a link between autoimmune diseases, such as Crohn's disease and SLE, and decreased autophagy (40) . Phagocytes that have engulfed apoptotic cells instigate tolerogenic pathways designed to prevent an unwanted autoimmune response (29) . We have found that macrophages lacking LAP generate increased IL-1β and IL-6 production upon engulfment, a finding consistent with reports that macrophages that do not efficiently degrade their engulfed cargo produce increased amounts of proinflammatory cytokines (1) and that macrophages lacking autophagy do the same (41-43) . Interestingly, macrophages lacking the machinery for LAP also produce fewer anti-inflammatory cytokines (IL-10 and TGFβ). Our findings suggest that this effect of autophagy genes might be due to a failure in LAP rather than in conventional autophagy.
Materials and Methods
Bone Marrow-Derived Macrophages. Mouse bone marrow-derived macrophages were generated from bone marrow progenitors obtained from littermates. Freshly prepared bone marrow cells were cultured in RPMI medium 1640 supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 10 mM Hepes buffer, 50 μg/mL penicillin, and nonessential amino acids in the presence of 20 ng/mL recombinant mouse macrophage colony stimulating factor (Peprotech). Unattached cells were removed at days 3 and 6.
In Vitro Phagocytosis Assay. Apoptosis was induced in RIPK3 −/− SVEC cells by treatment with TNFα (20 ng/mL) and cyclohexamide (2 μg/mL) for 8 h (8) or UV irradiation (20 J/m 2 ). Wild-type SVEC cells were induced to undergo necrosis by repeated freeze/thaw cycles (3×). To induce RIPK3-dependent necrosis, wild-type SVEC cells were treated with TNFα (20 ng/mL) and the pancaspase inhibitor, zVAD-fmk (50 μM), for 8 h (8) . Unattached dead cells were labeled with SytoRed, washed twice with PBS, and added to macrophage cultures at a ratio of 10:1 (dead cell:macrophage).
Time-Lapse Imaging. Macrophages were plated onto fibronectin-coated chamber slides, and phagocytosis was followed in an environmental control chamber ∼37°C and 5% CO 2 . Images were taken at the intervals indicated in figure legends 1-4 and S1-S7 using an oil-immersion Nikon Plan Fluor 40× 1.3 N.A. objective with phase contrast optics. GFP-LC3 translocation to the dead cell-containing phagosome was quantified by acquiring a time-lapse movie and counting the number of GFP-LC3 + dead cell-containing phagosomes out of the total number of engulfed dead cells for that period. For each condition, three independent experiments were performed, and the mean with SD error bars was represented.
Nematode Strains, RNA Interference, and Microscopy. Nematode strains were cultivated as described previously (32) . The mutation used was LGI: opIs110 [Plim-7::yfp::act-5]. Integration site of opIs282 [Pced-1::yfp::rab-5, unc-119(+)] is not mapped. Feeding RNAi was performed as previously described (36) . Plates containing nematode growth medium (NGM)-agarose, 200 μg/mL ampicillin and 2 mM isopropyl β-D-1 thiogalactopyranoside (RNAi plates) were inoculated with 300 μL of appropriate bacterial cultures (transformed with constructs for generation of double-stranded RNA under the control of the T7 promoter) and incubated for 8-12 h before addition of worms. Worms were then stained with acridine orange (Molecular Probes) as described previously (44), and apoptotic germ cells were scored under an M2Bio epifluorescence dissecting microscope, with filters appropriate for detection of YFP or GFP (Zeiss).
